We demonstrate a silicon-based, single-layer anti-reflection coating that suppresses the reflectivity of metals at near-infrared frequencies, enabling optical probing of nano-scale structures embedded in highly reflective surroundings. Our design does not affect the interaction of terahertz radiation with metallic structures that can be used to achieve terahertz near-field enhancement. We have verified the functionality of the design by calculating and measuring the reflectivity of both infrared and terahertz radiation from a silicon/gold double layer as a function of the silicon thickness. We have also fabricated the unit cell of a terahertz meta-material, a dipole antenna comprising two 20-nm thick extended gold plates separated by a 2 µm gap, where the terahertz field is locally enhanced. We used the time-domain finite element method to demonstrate that such near-field enhancement is preserved in the presence of the anti-reflection coating. Finally, we performed magneto-optical Kerr effect measurements on a single 3-nm thick, 1-µm wide magnetic wire placed in the gap of such a dipole antenna. The wire only occupies 2% of the area probed by the laser beam, but its magneto-optical response can be clearly detected. Our design paves the way for ultrafast time-resolved studies, using table-top femtosecond near-infrared lasers, of dynamics in nano-structures driven by strong terahertz radiation. 
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Introduction
Following the development of intense, coherent laser-based sources of terahertz radiation [1] , the past decade has witnessed an increased interest in the use of this type of radiation to coherently control the properties of materials on the sub-picosecond time scale. Terahertz photons, with energies in the meV range, can drive nonlinear dynamics without significantly increasing the entropy of the system [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In the field of condensed matter physics, the investigations of ultrafast dynamics driven by strong terahertz fields are frequently performed using terahertz-pump (usually in the 1 -10 THz range, 300 to 30 µm in wavelength) and visible or near-infrared probing light (typically a sub-100 fs pulse).
To study the effects in the strong-field limit, the strength of the terahertz field can be locally enhanced exploiting near-field effects in meta-materials [3, [15] [16] [17] [18] [19] [20] , which typically consist of micrometer-sized metallic structures deposited on the sample surface. However, since the area of the sample is often significantly smaller than the area of metallic structures in meta-materials, the reflectivity in the visible or near-infrared frequency range of the probe is dominated by the latter. As a consequence, it is extremely challenging to isolate the sample response, despite the enhancement provided by the meta-material. This problem can be mitigated by using dielectric and absorbing coatings, for instance to enhance the magneto-optical activity in magnetic thin films, and to reduce the background reflections [21] [22] [23] [24] [25] [26] . This solution greatly boosts the signal up to a point where single nano-structures can be measured. The drawback of this approach is that it imposes constraints on the choice of layers underneath the target structure. This limitation can become crucial if these underlayers are utilized to tune the important properties of the studied thin films. In this case, a more suitable solution is to deposit an anti-reflection (AR) coating only on the metal structures forming the meta-material, to minimize the reflection from those areas, which is the main factor affecting the strength of the measured signal. At the same time, the AR layer should not perturb the terahertz radiation that still needs to be enhanced by the metal layers.
In this work, we propose a simple, but until now unexplored, single-layer anti-reflection coating design that can be implemented on arbitrary meta-material structures comprising highly conducting and reflective metallic layers. The coating suppresses the near-infrared reflection typically utilized to probe the response of the sample, without noticeably affecting the terahertz radiation at much larger wavelengths. We have performed transfer matrix method calculations, as well as measurements of the reflectivity both in the near-infrared and terahertz range, to demonstrate the functionality of our design. We have also investigated, using time-domain finite element simulations, the near-field enhancement properties of a dipole antenna -a template for α-Si
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Single-cycle THz pulse Fig. 1 . Design of the dipole antenna for terahertz near-field enhancement in the gap between two metallic electrodes, covered with an anti-reflection coating for near-infrared and visible radiation. A single-cycle of the terahertz field, with the suitable polarization for the optimal coupling to the antenna, is sketched. The pink arrows schematically show the working principle of the anti-reflection coating for a metal, where destructive interference (zig-zag arrows within the top layer) is combined with the dielectric losses to compensate for the forbidden transmission through the metallic electrodes (crossed-out arrows in the metal layer), as described in detail in the text.
the terahertz meta-materials -covered with the anti-reflection coating. Finally, we experimentally measured the magneto-optical Kerr effect from a magnetic wire placed in the gap of the antenna.
Anti-reflection coating design
Terahertz meta-materials can be formed by depositing metallic (typically gold) layers that can locally enhance the electromagnetic field of incident radiation. One of the simplest realization of such structure consists of two metallic strips separated by a small gap, i.e. a dipole antenna [27] . For a suitable geometry of the antenna and polarization of the incident radiation, opposite charges can be induced by the electromagnetic field at the opposite edges of the gap, producing a strong local enhancement of electric field within the gap. Intuitively, but incorrectly, this charge motion is often attributed to the current driven by the electric field. However, the correct explanation is that the local electric field enhancement in the gap is caused by the screening of the magnetic field, which induces a current flow in the metal, in the direction orthogonal to it (parallel to the electric field). This current flow, known as the eddy current, can penetrate within the skin depth of the material (75 nm at 1 THz for gold). In contrast, the electric field component of the radiation is screened virtually instantaneously at the surface of the conductor by the charge redistribution, and at terahertz frequencies provides a negligible contribution to the net current flow in the bulk of the material, even in non-ideal metals.
In the standard AR coatings, designed to minimize the reflection from dielectric materials, one exploits the phenomenon of destructive interference of the waves reflected at the two interfaces, to cancel the total electric field that propagates in the backward direction. Since the energy of the electromagnetic wave is conserved, the transmission through the dielectric is maximized. However, this mechanism cannot be implemented for coatings on metals, since the wave cannot propagate through the metal, and hence the reflection cannot be eliminated.
For an AR coating to work for a metal, it is necessary to create destructive interference (to suppress Fresnel reflections), and to simultaneously absorb the radiation, as shown schematically in Fig. 1 . In other words, the dielectric layer needs to be sufficiently lossy in the visible/nearinfrared region, so that the wave decays after multiple reflections at the interfaces. This idea was proposed decades ago by Hass et al. [28] , who demonstrated that lossy double dielectric layers can suppress the reflectivity of aluminum and copper in the visible range, while maintaining high-reflectivity in the mid-infrared range, up to the wavelength of 10 µm. Moreover, they also highlighted the fact that absorption in single-layer AR coatings is necessary to reduce the high reflectance of metals in the visible range. In a later related work by Yoshida [29], a single-layer AR coating for metals was described mathematically. He first considered a non-absorbing dielectric layer with real refractive index n 1 > 1 and thickness d 1 , deposited on top of a metallic substrate characterized byñ 2 = n 2 + ik 2 . The reflectance R for the monochromatic light with wavelength λ, impinging at normal incidence on the three-layers stack composed of the air (n 0 = 1), the non-absorbing dielectric coating, and the metal substrate, is given by [29]
where r 01 = (1 − n 1 ) /(1 + n 1 ) is the Fresnel reflection coefficient for the air-dielectric interface,
is the Fresnel reflection coefficient for the dielectric-metal interface, and δ 1 = 2πn 1 d 1 /λ. The reflectance reaches a minimum when [30],
where m is an integer value, and
The minimum reflectance R min is zero when ρ 12 = |r 01 |, giving
If k 2 = 0, which corresponds to a dielectric coating on top of a dielectric substrate, Eq. (6) gives n 1 = n 2 1/2 . Since n 2 > n 1 , the solution for α 12 = arctan (0) in Eq. (5) should be α 12 = π, because of the π phase shift introduced by the dielectric coating-dielectric substrate interface in this case. Thus, Eq. (2) gives n 1 d 1 = λ/4 for m = 0, defining a quarter-wave coating, in which the reflectance is minimized by the destructive interference in the coating layer. Moreover, Eq. (6) imposes a constraint on the values of n 2 and k 2 , since n 1 > 1. The effect of this constraint is that, according to Yoshida [29] , "zero reflection cannot be achieved with a single dielectric film coating for metals" with large extinction coefficient k 3, such as silver and gold. However, in this case, zero reflection can be obtained by allowing the dielectric coating to be slightly absorbing.
In the following, we experimentally confirm that the reflection from gold, and hence from any good metal, can be suppressed by using a single layer of sputtered amorphous silicon (α-Si). In the visible/near-infrared range, a thin α-Si film acts as a dielectric with a relatively large imaginary part of the refractive index, since the electronic states are not characterized by well-defined momentum, enhancing the radiation absorption in α-Si as compared to its crystalline form [31] . On the other hand, low absorption in the terahertz range (λ ∼ 100 µm), and the small thickness compared to the radiation wavelength, make these layers practically invisible, thus maintaining the high-reflectivity characteristics of gold in this range.
We first used the transfer matrix method (TMM) [32] to simulate the feasibility of this approach. We simulated the Air/α-Si/Au/Si(substrate)/Air multilayer, where the outermost Air layers were semi-infinite, and the substrate was 500 µm thick. The radiation was assumed to be monochromatic with a wavelength of 800 nm, the typical center-wavelength of a Ti:sapphire laser, at a normal incidence to the multilayer stack. We used the refractive indices n Air = 1, n α−Si ≈ 3.90 + 0.11 j, n Au ≈ 0.15 + 4.91 j, and n Si ≈ 3.681 + 0.005 j [33].
In Fig. 2 we plot the reflectance of the stack as a function of the α-Si thickness, for two gold layers with different thickness. For thin gold (20 nm), part of the radiation can be transmitted into the substrate, and ≈ 30 nm of amorphous silicon on top of it can efficiently suppress the reflectivity. For thick gold (100 nm), enough to prevent any transmission, a thicker amorphous silicon layer (≈ 230 nm) is needed to achieve the same suppression.
In the same figure, we also plot the reflectivity (dashed lines) of a fictitious dielectric layer with zero imaginary part of the refractive index, and its magnitude equal to that of the the amorphous silicon, representing a conventional dielectric with negligible losses. It is evident that such a layer on top of a 100-nm thick gold layer cannot efficiently suppress the reflectivity, demonstrating that the cumulative losses after multiple reflections are necessary to realize the anti-reflection configuration.
We note that a single α-Si anti-reflection coating remains efficient over a broad range of incidence angles. We used TMM to check that, when varying the incidence angle from 0 to 37.5 degrees, the optimal thickness for the α-Si layer varies by less than 2%. Furthermore, at the optimal thickness, the 800 nm reflectance remains below 0.05 (an acceptable value for the coating to properly work), at angles of incidence as high as 50 degrees. This can be understood as a consequence of the large refractive index of silicon, which causes the electromagnetic wave to strongly refract when entering the AR layer. As a result, the optical path in the silicon layer noticeably increases only at very large angles of incidence.
Experimental and numerical verification
In Fig. 3 , we plot the calculated and the measured reflectance for several Air/α-Si(t)/Au(20 nm)/Si(substrate)/Air multilayers, as a function of t, both for 800 nm and for the terahertz radiation impinging on the sample at 10 degrees incidence. The 800 nm radiation was produced by the Ti:sapphire-based regenerative amplifier (Coherent Legend) in 40 fs pulses, with the 30 nm FWHM bandwidth around the center 800 nm wavelength, as measured by a grating spectrometer. The reflectance at 800 nm was measured directly using a photodiode. The signal was scaled using the known reflectance value of a commercial gold mirror. The reflectance R of the terahertz radiation, generated by optical rectification in a OH1 organic crystal [34] , was determine from the measured transmittance T, using R = 1 − A − T, where the absorption A was calculated based on the TMM. The transmittance was taken to be proportional to the square of the normalized amplitude of the maximum electro-optical sampling signal in a 100 µm thick, 110-cut GaP crystal.
The excellent agreement between the data and the calculations directly demonstrates the functionality of our design in suppressing the near-infrared reflectivity, with the appropriate thickness of α-Si, 27 nm and 127 nm in the studied case of 800 nm radiation. We emphasize that our experiment demonstrates efficient suppression of the broadband 40 fs pulses of 800 nm radiation. This is not surprising, considering that the bandwidth to carrier ratio is less than 4%. This result confirms the suitability of our design for the conventional ultrafast experiments. On the other hand, the terahertz reflectivity is unchanged by the α-Si layer, suggesting that the terahertz near-field enhancement is also likely unaffected the silicon layer. However, since the measured reflectivity is a far-field property, and near-field properties are in general very sensitive to interface effects, one needs to perform a more detailed investigation of the possible effects of the anti-reflection coating on the terahertz radiation in the near-field regime. To analyze the near-field effects of the coating, we have performed finite-element numerical calculations using COMSOL Multiphysics®software [35] . In Fig. 4(a) , we plot the electric field enhancement at a frequency of 1 THz, for a set of two infinitely long, 65 µm wide, 20 nm thick gold plates separated by a gap of 2 µm. The terahertz electric field is applied along the x−axis in this Figure. The field enhancement is computed by dividing the electric field value in the gap region by the electric field value at the air/silicon interface, in the absence of the gold plates. In Fig. 4(b) , we plot time-dependence of the x-component of the terahertz electric field in the middle of the gap (x = 0), and at z = 10 nm above the silicon substrate. The simulation used the experimental time profile of the impinging terahertz field, measured by electro-optical sampling, with the peak value of ≈ 300 kV/cm.
For the bare silicon-air interface, the terahertz field is reduced to approximately half of its free-space magnitude, consistent with the relative amplitude of the transmitted wave at an air/silicon interface computed as t = 2/(n + 1), with n ≈ 3.4 [36] . The presence of the gold plates introduces a slight temporal shift, and enhances the amplitude of the terahertz field to more than 500 kV/cm, consistent with the ≈ 4 times enhancement observed in the frequency domain simulations of Fig. 4(a) [37] . Most importantly, the addition of the α-Si layer on top of the gold plates does not noticeably affect the field, confirming our intuitive conclusions based on the negligible effect of the α-Si layer on the terahertz reflectivity.
To test the functionality of the AR coating in a practical configuration, we measured the polar magneto-optical Kerr effect (MOKE) [38] from the 3 nm-thick CoNi film patterned into a 1 µm-wide, 100 µm-long wire. The CoNi stack is formed by a Ta(2)|Cu(2)|[Co(0.2)|Ni(1)] 3 |Ni(0.5)|Ta(3) multilayer (thicknesses in nm) with perpendicular magnetic anisotropy. The wire is located in the 2 µm-wide gap between two 100 µm long and 65 µm wide gold plates, coated with 27 nm of α-Si. By analyzing the magneto-optic response, we can unambiguously identify the signal coming from the embedded CoNi wire, with no contribution from the non-magnetic electrodes. As the MOKE signal typically results in a tiny intensity variation on top of a large background, this specific system implementation also demonstrates the general suitability of our design for the detection of small effects other than magneto-optical ones.
The polar MOKE loops from the embedded wire are plotted in the main panel of Fig. 5 for two different wavelengths of the probing radiation, 550 nm and 800 nm. At 800 nm, the AR coating optimized for this wavelength is expected to completely suppress the reflectivity of the gold electrodes, while at 550 nm, a substantial reflection from the metallic pads is expected. Using radiation of different wavelengths is geometrically equivalent to studying samples with different AR coating thickness, with the advantage that the very same sample can be used and the wavelength can be tuned very accurately.
The plotted MOKE signals reflect the change in the polarization ellipticity of the probing light, determined with a suitable polarization analyzing system. In these measurements, we utilized a polarization modulation technique [39] to provide the sensitivity necessary for testing the effectiveness of the proposed AR coating. In this setup, the polarization of the incident light was modulated at the frequency ω, while both the total measured intensity I 0 and its variation I ω at the modulation frequency were simultaneously recorded. The polarization ellipticity was determined from I ω normalized by the total intensity I 0 reflected from the sample. While the variations of I ω were affected only by the magnetic structure, the magnitude of I 0 is determined by the whole probed area, including the gold plates.
The data plotted with symbols in Fig. 5 clearly show that the AR coating significantly enhances the signal-to-background ratio, resulting in a more than a ten-fold increase of the realtive amplitude of the loop at the design wavelength. We have checked that the increase in the relative signal is not caused by the difference between the magneto-optical constants of CoNi between 800 and 550 nm wavelengths, by measuring the MOKE signal from a 100 µm × 100 µm CoNi square of 3 nm thickness, with no gold electrodes surrounding the structure. The resulting hysteresis loops are shown with solid curves in the the same Fig. 5 .
To quantitatively analyze our observations, we note that if the areas and the reflectivity of different reflecting regions are known, one can predict the difference in the total measured Kerr ellipticity K between the CoNi square larger than the probing spot, and the wire-shaped sample, according to [24] K,wire
where A m is the total area occupied by a certain material m illuminated by the laser beam, and R m the corresponding reflectivity that can be measured experimentally or calculated using Fresnel equations. Table 1 summarizes the relationship between the ellipticity of the wire and the ellipticity of the square, assuming that the probing light is focused in to a uniform circular spot with diameter φ = 75 µm, and the various probed areas are A wire = A Si ≈ φh (h = 1 µm), A CoatedAu ≈ π(φ/2) 2 − 2φh. The area occupied by the wire is therefore about 2% of the total area. Indeed, for the wavelength of 550 nm, at which the Au reflectivity is not suppressed by the AR coating, the ellipticity signal for the wire is about 1.6% of that for the large square, both theoretically and experimentally. In contrast, for the 800 nm wavelength, we expect and observe an increase of this ratio by an order of magnitude. The deviation between the theoretically expected value (24%) and the experimental value (19%) can be explained by a combination of a few-nm uncertainty in the deposited material thickness, deviations of the optical properties of different layers from their nominal values, and by the effects of the nanowire and gold electrode edges, whose scattering properties were not taken into account in the calculations reported in Table 1 .
Conclusion
In summary, we have designed and experimentally demonstrated an anti-reflection coating for highly reflective metals, which are typically utilized in the fabrication of terahertz meta-materials. The anti-reflection coating can efficiently suppress the reflection of light in the visible and infrared ranges, typically used in the studies of ultrafast phenomena by pump-probe techniques. At the same time, the coating does not perturb the propagation of terahertz radiation, and does not affect the near-field enhancement in the meta-materials. Our results are expected to open a path for time-resolved experiments aimed at probing the ultrafast dynamics driven in nano-scale structures by strong terahertz fields, by using table-top femtosecond near-infrared laser sources.
